Clinal analysis for fitness-related traits provides a well-known approach to investigate adaptive evolution. Several fitnessrelated traits (developmental time, thorax length, wing length and wing loading) were measured at two laboratory generations (G7 and G33) of D. buzzatii from an altitudinal gradient from northwestern Argentina, where significant thermal differences persist. Developmental time (DT) was positively correlated with altitude of origin of population. Further, DT was negatively correlated with maximal mean temperature at the site of origin of population, and this thermal variable decreases with altitude. Wing loading tended to be larger in highland than in lowland populations, suggesting that flight performance is subject to stronger selection pressure in highland populations. Developmental time showed a significant increase with laboratory generation number. There was no significant correlation between developmental time and body size across populations along the altitudinal cline of DT. This result illustrates that developmental time and body size do not always evolve in the same direction, even though both traits are often positively and genetically correlated in a well-known tradeoff in Drosophila.
Geographic gradients are of special interest for studies on adaptation to contemporaneous terrestrial environments. Evidence for geographic clines in fitness-related traits often comes from variation along latitudinal gradients. In model ectothermal organisms like Drosophila , for instance, parallel clines have been identified on different continents for several traits including body size and developmental time, with genetically larger flies at higher latitudes (PARSONS 1980; CAPY et al. 1993; IMASHEVA et al. 1994 IMASHEVA et al. , 1995 AZEVEDO et al. 1998;  VAN?T LAND et al. 1999; WEEKS et al. 2002) . Temperature is typically implied as a selective agent in such latitudinal clines for traits of adaptive importance (REEVE et al. 2000; NORRY et al. 2001) .
Developmental time and adult body size are two traits of adaptive importance. On the one hand, faster development can increase fitness in many insects like Drosophila either by an increased larval survival under wild conditions or a demographic advantage for early reproduction (ROFF 2000) . On the other hand, body size is not a fitness component itself, but increased size often confers an advantage for fecundity and survival in adult flies at non-stressful temperature (PARTRIDGE and FOWLER 1993) . On the basis of such fitness associations, developmental time and body size are connected by a tradeoff because genetically larger individuals develop slower than genetically smaller individuals (ROFF 2000) . However, the tradeoff between these traits can disappear at low temperature (NORRY and LOESCHCKE 2002) .
Both developmental time and body size are affected by temperature, both decreasing with increasing temperature. Such temperature-induced effects can be the result of phenotypic plasticity (STEARNS 1989) . However, both traits also respond to thermal selection in experimental populations (ANDERSON 1966; CAVICCHI et al. 1989) . In wild populations of D. buzzatii, adaptation to temperature is apparent for developmental time and pre-adult survival but not for size-related traits, suggesting that developmental time is a trait more closely related to thermal adaptation than body size itself (NORRY et al. 2001) . However, microevolution of size-related traits such as thorax and wing length in Drosophila might be further influenced by functional correlations for flight performance and/or other attributes of adult performance rather than thermal selection (NORRY et al. 1997) . For instance, wing loading (usually expressed as the wing/ thorax ratio) may have an important adaptive significance in flight performance (STARMER and WOLF 1989; BARKER and KREBS 1995; LOESCHCKE et al. 1999 ).
In D. melanogaster, clinal variation associated with latitude has been demonstrated for several traits along the east coast of Australia, including developmental time . However, although developmental time and body size are connected by a tradeoff, the correlation between these traits is often non-significant along latitudinal clines of body size ( VAN'T LAND et al. 1999; LOESCHCKE et al. 2000) . Therefore, evolution of body size may not be a simple consequence of changes in developmental time.
Although regions at high altitude and latitude share similar conditions of low temperature (LENCIONI 2004) , altitudinal gradients have been much less explored than latitudinal gradients in studies of clinal variation in Drosophila . However, altitudinal clines can be detected on narrower geographical scales than latitudinal gradients (TATAR et al. 1997; BUBLIY and LOESCHCKE 2005; SØRENSEN et al. 2005 ).
Here we analyze both developmental time and body-size in the cactophilic D. buzzatii along an altitudinal gradient in northwestern Argentina where significant thermal differences persist (Table 1 ). This species occurs in several phytogeographical areas from lowlands to highlands in Argentina, though its origin is likely to have been in lowlands rather than in highlands in this region. Under the hypothesis that lowland and highland populations have genetically diverged in developmental time and size-related traits, we test for clinal variation between populations across an altitudinal gradient spanning more than 2000 m in height. Previous work failed to detect clinal variation for developmental time and body size along an altitudinal gradient spanning about 1000 m in height for both D. buzzatii and D. simulans from a Canary Island where D. buzzatii was introduced in historical times (BUBLIY and LOESCHCKE 2005) . In the present study, we used a wider range of altitude to test for clinal patterns of developmental time and size-related traits in D. buzzatii from the region of origin of this species. Maximal mean temperature for site of origin of population best predicted altitudinal variation in developmental time, with no correlation between developmental time and body size across populations.
MATERIAL AND METHODS

Collection of stocks
Wild flies were collected using banana baits in eight localities of northwestern Argentina in mid-April 2003 (Table 1) . Temperature is the main climatic difference between the collection sites. For instance, minimal and maximal mean temperatures in Table 1 represent average daily maximal/minimal temperatures for the coldest/hottest month, using data from the Argentine Meteorological Service web site www.meteofa.mil.ar (temperatures for each particular altitude were obtained by interpolation using records for La Rioja, Salta, Santiago del Estero and La Quiaca). Mass cultures were set up in the field for each original population using about 40 wild caught flies from each locality. One hundred inseminated females of the laboratory G2 generation from each mass culture were transferred to individual vials to set up isofemale lines for each population of origin. Drosophila koepferae, a sibling species of D. buzzatii , was present at some collection sites and they were identified by examining the male genitalia (VILELA 1983). After four laboratory generations (when all lines were checked for species), 22 isofemale lines of D. buzzatii were inter-se crossed within each population, and an experimental stock was established for each population of origin. All stocks were maintained at 258C on instant Drosophila medium (Carolina Biological Supply, Burlington, NC, USA), with 3 bottles per population and 70 to 100 flies per bottle. Measurements and analysis of traits studied.
For each experimental stock or population, first-instar larvae were collected from the laboratory G7 and G33 generations by using small spoons with agar and yeast paste. First-instar larvae were transferred at a density of 100 in 100-ml bottles (2 Á3 bottles per population) containing 30 ml of culture medium and placed at 258C. The number of males and females emerging from these cultures was scored every 6 h. Larva to adult developmental time was estimated over the mid-point of each successive interval, pooling all bottles within each stock (as there was no significant variation among bottles, results not shown) in both laboratory generations studied, G7 and G33. For sizerelated traits, 16 females plus 16 males were randomly chosen from each bottle and subsequently measured for thorax and wing length in each generation studied. Thorax length was measured as the distance between the anterior margin of the thorax and the posterior tip of the scutellum and wing length was measured as the third longitudinal vein length (the distance between points 1 and 5 in LOESCHCKE et al. 1999) using a micrometer ocular for both traits. Finally, the ratio of wing length (WL) to thorax length (TL) was calculated as an index of wing loading. ANOVA was performed for each trait using population, sex and generation as fixed factors. Wing loading was indexed as (ln WL Á ln TL), hereafter referred to as ln (WL/TL), as in BARKER and KREBS (1995) to reduce statistical problems arising from ratio measurements (ATCHLEY et al. 1976 ). Forward stepwise multiple regression analysis was performed using geographical and climatic variables separately to test for clinal variation in the traits studied. All the analyses were performed using the STATISTICA package (STATSOFT 1999).
RESULTS
Developmental time (DT) was substantially faster in laboratory generation G7 than in G33 (Fig. 1 , standardized data pooled over population and sex; F 1,2225 0/3507.69***; ***P B/ 0.005). Females developed faster than males in both generations studied (Fig. 1, Table 2 ). DT showed a highly significant interaction between laboratory generation and origin of population (Table 2) , and this trait significantly differed among populations in both generations studied (single effect ANOVA: F 7,2195 0/7.60*** for G7; F 7,2195 0/136.78*** for G33; ***P B/ 0.005). There was a trend for DT to increase with altitude of origin of population in both generations studied (Fig. 1) . Maximal mean temperature in the sites of original wild populations significantly predicted DT in G7 (Table 3) .
DT showed no significant correlation with sizerelated traits across populations (Pearson correlation coefficient estimated over population mean values, rB/0.5). Significant associations of some traits with either geography or temperature were found in G7 but not in G33 (Table 3 ), suggesting that this variation disappeared by adaptation to laboratory conditions. TL was significantly larger in females than in males in both laboratory generations studied (Fig. 2a , Table 2 ). This trait significantly differed among populations in both generations studied (single effect ANOVA; F 7,480 0/3.12** for G7; F 7,480 0/6.32*** for G33; **P B/0.01; ***P B/0.005). TL showed no difference between G7 and G33 (data pooled over population and sex: F 1,510 0/3.57). TL showed a significant decrease with altitude of origin of population in G7 males (Fig. 2a, Table 3 ).
WL was larger in females than in males (Fig. 2b , Table 2 ). This wing trait showed significant variation among populations in both G7 and G33 (single effects ANOVA: F 7,480 0/2.20* for G7; F 7,480 0/5.44*** for G33; *P B/0.01; ***P B/0.005). There was no significant difference in WL between G7 and G33 (standardized data pooled over population and sex, F 1,510 0/ 0.59, P / 0.05). WL significantly increased with latitude but not with altitude of origin of population in both G7 and G33 females (Table 3) . Wing loading [ln (WL/TL)] diverged both between populations and generations, with no significant differences between the sexes (Table 2) . Wing loading was larger in G33 than in G7 (Fig. 2c, Table 2 ). Wing loading increased with altitude of origin of population in G33 but this trend was non-significant in G7 (Fig. 2c, Table 3 ).
DISCUSSION
Developmental time showed substantial variation among populations of D. buzzatii along our altitudinal gradient. Maximal mean temperature at the site of origin of population significantly predicted developmental time. No tradeoff association was apparent between developmental time and body size across populations along the elevational gradient studied. This result is consistent with previous observations showing that the positive correlation between these traits can disappear when estimated over mean values across populations along latitudinal or altitudinal gradients ( VAN'T LAND et al. 1999; LOESCHCKE et al. 2000; NORRY et al. 2001) .
The altitudinal variation we found in developmental time presumably reflects genetic variation in developmental rate because all experimental individuals were reared in a common environment. Polymorphic inversions on chromosome 2 are well known to affect both developmental time and body size in D. buzzatii , with the 2nd inversion decreasing both developmental 
time and body size (BETRÁ N et al. 1998; NORRY et al. 1995) . In addition, this inversion polymorphism clinally varies with altitude of population in the same geographic region included in the present study, with inversion j of chromosome 2 increasing in frequency with altitude (HASSON et al. 1995) . Thus, the observed trend is consistent with the hypothesis that the genetic basis for altitudinal variation in developmental time can at least partially be based on polymorphic inversions in D. buzzatii . Recently, BUBLIY and LOESCHCKE (2005) found no altitudinal variation for developmental time along an elevational gradient from a Canary island for D. buzzatii and D. simulans. However, they found that developmental time was longer in the population from the coolest highland locality. Previous work in another species, D. melanogaster, has found that developmental time at 258C is slower in populations from high as opposed to low latitudes , which is consistent with evolution of this trait in experimental populations kept at low temperature for many generations (ANDERSON 1966; HUEY et al. 1991; PARTRIDGE et al. 1994 PARTRIDGE et al. , 1995 . We found that maximal mean temperature at the site of origin of population consistently predicted variation in developmental time across altitudinal populations (Table 3) . This trend disappeared after many laboratory generations, as it was significant in G7 but not in G33 (Table 3 ).
An altitudinal trend was apparent for thorax length in males in G7 and females in G33, with decreased size in highland populations (Table 3) . Wing length increased with latitude (Table 3) . Decreased thorax size in highland versus lowland populations of D. buzzatii is consistent with previous studies (NORRY et al. 2001) . However, the association of size-related traits with climate and/or geography remains unclear in this species. For instance, LOESCHCKE et al. (2000) detected no latitudinal trend for thorax length and various wing measurements in laboratory-reared flies from Australia, although wild-caught flies from the same localities showed a clear-cut latitudinal trend. BUBLIY and LOESCHCKE (2005) found no altitudinal pattern for body size on a Canary island. In the present study we analyzed a larger number of populations and a more extensive altitudinal gradient than in all previous studies, and found a negative relationship between thorax length and altitude of origin of population. THOMAS and BARKER (1993) and NORRY et al. (2001) showed that wing loading increased with latitude and altitude, respectively, in D. buzzatii from Australia and Argentina, and a similar latitudinal trend was also reported by LOESCHCKE et al. (2000) . BUBLIY and LOESCHCKE (2005) found no altitudinal variation for this composite trait either in D. buzzatii or in D. simulans from a Canary island. However, an altitudinal trend was observed for wing loading in the present study (Fig. 2c) , but the adaptive significance of such a trend remains unclear because it was significant only in G33 (Table 3) . One possible hypothesis to explain an increased wing loading in highland populations is that both feeding and breeding resources available for D. buzzatii (rotting tissues of several cactus species) are much less abundant in high elevations than in lowland populations (SAMBUCETTI et al. 2005) . Thus, wing loading is expected to increase in highland populations if it confers any advantage for adult flies looking for suitable substrates which are much more patchily distributed in highland than in buzzatii from an altitudinal gradient from northwestern Argentina in laboratory generations G7 and G33. Thin and thick solid lines designate males in G7 and G33, respectively; while thin and thick dashed lines designate females in generations G7 and G33, respectively. Error bars represents SE of the mean.
lowland populations. However, the results of the present and previous studies discussed above suggest that there is no simple clinal relation between wing loading and altitude of population in D. buzzatii . The possible relationship between wing loading and altitude in this species might be further complicated if body size is also influenced by counter gradient selection (CONOVER and SCHULTZ 1995) . Laboratory adaptation is known to increase developmental time in D. melanogaster (SGRÒ and PARTRIDGE 2000) . Our present results with D. buzzatii also showed that development at 258C was much longer in generation 33 than in generation 7 for all populations, indicating that laboratory adaptation increased developmental time in this species independently of the altitudinal origin of population. In contrast to developmental time, size-related traits were not strongly affected by laboratory adaptation in the present study.
Consistent with previous studies (VAN 'T LAND et al. 1999; NORRY et al. 2001; BUBLIY and LOESCHCKE 2005) , there was no significant correlation between developmental time and body size across populations along our altitudinal gradient. Developmental time increases with altitude of origin of population. However, developmental time and body size do not typically evolve in the same direction over evolutionary trajectories across populations, even though both traits are positively and genetically correlated in a fundamental tradeoff in Drosophila.
